ABSTRACT The change in permanent dipole moment (IA1p I) for the transition from the 1La state to the ground state of tryptophan is the key photophysical parameter for the interpretation of tryptophan fluorescence spectra in terms of static and dynamic dielectric properties of the surrounding medium. We report measurement of this parameter by means of electric field effect (Stark) spectroscopy for N-acetyl-L-tryptophanamide (NATA) in two solvents, the single tryptophan containing peptide melittin, and 5-methoxytryptophan. The values ranged from 5.9 to 6.2 ± 0.4 Debye/ffor NATA and melittin, where f represents the local field correction. The 1Lb AlP was much smaller. Application of Stark spectroscopy to these chromophores required decomposition of the near-UV absorption into the 1La and 'Lb bands by measurement of the fluorescence excitation anisotropy spectrum and represents an extension of the method to systems where band overlap would normally preclude quantitative analysis of the Stark spectrum. The results obtained for 5-methoxytryptophan point out limitations of this method of spectral decomposition. The relevance of these results to the interpretation of steady-state and time-resolved spectroscopy of tryptophan is discussed.
INTRODUCTION
Measurement of steady-state and time-resolved fluorescence of tryptophan is widely used for characterization of peptides and proteins, and results are routinely interpreted in terms of the static polarity and heterogeneity of the local environment as well as the dynamic properties of the environment and the emitting residue (Beecham and Brand, 1985) . The key photophysical parameter for the interpretation of fluorescence in terms of local polarity is the change in permanent dipole moment ( A'i ) on absorption. The classical method for measuring this quantity is to measure the fluorescence spectrum in a series of solvents of known polarity. The difference dipole is given by the Ooshika-Lippert-Mataga relation (Lippert, 1957): (AV)-2("ie pg) ( r actions between solute and solvent (i.e., ground-or excitedstate complex formation) and to the finite size of the solvent molecules are ignored. Such effects will adversely impact the accuracy of the determination of AM I . In addition, Me is assumed to be the same in the Franck-Condon excited state and the relaxed emitting state, and obtaining reliable absorption and fluorescence spectra of dipolar or charged molecules in a truly nonpolar reference solvent can be challenging because of limited solubility and aggregation. A better method, in principle, is to measure the effect of an externally applied electric field on the electronic transition (the Stark effect; Liptay, 1976) . The electric field changes the wavelengthdependent molar absorption coefficient in a manner dependent on A' I, the change in the average polarizability (TrAa), and the internal angle ; between the transition moment 'm and AM,.
Here we report the results of Stark effect and fluorescence excitation anisotropy studies at low temperature (77-85 K) on N-acetyl-L-tryptophanamide (NATA) in ethanol (EtOH) or 50% v/v glycerol/water glass, melittin in 50% glycerol/water, and 5-methoxytryptophan in EtOH. These molecules were selected to examine the sensitivity of the spectra to different environments and to chemical substitution.
The near-UV absorption of tryptophan is believed to consist of two nearly totally overlapping T-u7T* transitions, labeled 'La and 1Lb in the Platt notation (Valeur and Weber, 1977) . The formalism for the analysis of Stark spectra developed by Liptay (1976) rests on the assumption that the absorption lineshape is that of a single, isolated electronic transition with wavelength-independent electrooptic properties. This assumption is necessary because the Stark spectrum is expressed in terms of sums of derivatives of the absorption lineshape. However, there is no fundamental obstacle to analysis of the Stark spectrum of overlapping transitions as long as there is some means of decomposing the total absorption into its constituent parts. In the case of tryptophan, the observation that the fluorescence originates solely from 'La and the near orthogonality of the 'La and 'L4 transition moment directions provides a means for accomplishing such decomposition, performed originally by Valeur and Weber (1977) . The emission anisotropy at differing excitation wavelengths is measured and interpreted in terms of the fractional absorption accounted for by each transition moment at each excitation wavelength. 5-Methoxytryptophan was selected because substitution of electronwithdrawing moieties at position 5 is thought to selectively lower the energy of the '4 transition and switch the order of 0-0 energies in both absorption and fluorescence without perturbation of 'La, and previous work has indicated that this is the only methoxy derivative that retains orthogonality of the transition moments (Eftink et al., 1990 
Stark and absorption spectra
The Stark apparatus used in these experiments has been described elsewhere (Boxer, 1993) . Light from a 450-W Xe arc lamp (Spex) was dispersed through a Spex Minimate ¼/4-m monochromator (0.9-nm resolution), collimated, passed through an air-spaced Glan-Taylor polarizer and a strain-free quartz optical dewar containing the sample immersed in liquid nitrogen, and detected by a photomultiplier tube on which the resistor network had been altered so as to bypass the last few dynodes and decrease the noise. The photomultiplier signal was converted to a voltage and amplified using a home-built converter/amplifier and fed into a lock-in amplifier (Stanford Research Systems SR530). Samples consisted of 15 ,ul of solution between two quartz slides held apart by a 25-,um Kapton spacer. The quartz slides were rendered conductive by means of an evaporated layer of nickel -7.5 nm thick, corresponding to a transmittance of about 50% per slide in the near UV and visible and a resistance of not more than 1000 Q. 400-Hz sinusoidal AC electric fields with peak-to-peak voltages from 2 to 4.5 kV were produced by a custom-built power supply and applied to the sample. The raw data are the intensity of the signal at the photomultiplier, I(v), and the amplitude of its modulation at twice the field frequency, AI(v). The Stark spectrum is AI(v)/(I(v)-k), where k is a constant baseline voltage from the amplifier. Because the electric field modulation is small (<1 X 10-4 of I), the Stark spectrum may be identified with the field-induced change in absorption AG(v) without significant loss of accuracy.
Low-temperature absorption spectra of samples versus air were recorded at 1 nm resolution on a Varian 2300 spectrophotometer in the same optical dewar and on the same samples used for the Stark experiments and were baseline corrected by means of a blank sample. Absorption spectra recorded at 0.5 nm resolution were identical within the signal-to-noise obtained. Peak optical densities ranged from approximately 0.1 to 0.4 absorbance units. Sample thicknesses were determined by measurement of interference fringe spacings in the absorption spectrum of the unfilled sample cell at room temperature between 500 and 600 nm. Wavelength calibration of the absorption, Stark, and fluorescence excitation spectra (see below) was accomplished by measurement of the apparent position of the 361.0 nm absorbance of a Holmium filter on each apparatus.
Fluorescence excitation spectra Polarized fluorescence spectra (1.8 nm resolution) and fluorescence excitation spectra (0.9 nm resolution, 14 (75-,um) samples in these experiments because 50% glycerol/water does not form clear glasses in samples more than 75 ,um thick, and it was therefore necessary to collect fluorescence from the front face of the sample. Two linear dichroic polarizers were installed just before and after the sample in the optical path, as the Glan-Thompson polarizers supplied with the instrument were found to absorb and fluoresce in the near-UV and obstructed an unacceptable portion of the beam. Modification of the excitation monochromator by installation of masks in front of two of the spherical mirrors was necessary to eliminate artifacts due to unwanted propagation of the zero-order reflection off the grating surfaces back along the optical path. Fluorescence spectra were corrected by means of a standard lamp, and fluorescence excitation anisotropy spectra were corrected by reference to an unpolarized fluorescence source (NATA or anthracene in methanol at room temperature), as this was judged less prone to source geometry artifacts than the standard lamp. Fluctuations in lamp intensity were corrected for by use of a rhodamine quantum counter solution. Because the optical paths to the sample and quantum counter solution differ, it is necessary to correct the quantum counter correction to obtain unbiased fluorescence excitation spectra, although these differences ratio out in the fluorescence excitation anisotropy spectrum. For the front-face detection geometry used, such a correction contains systematic errors due to rhodamine monomer emission that render the excitation spectrum useless for quantitative comparison with the absorption spectrum. For this reason we do not report the fluorescence excitation spectra.
Theory and methods of data analysis
The Stark spectrum recorded at twice the field modulation frequency of a single electronic transition can often be described as a linear combination of appropriately weighted derivatives of the absorption spectrum G(v) (Liptay, 1976) :
where h is Planck's constant, X is the experimental angle between the external field Fext and the electric polarization vector of the linearly polarized light used to probe the sample. The internal and external fields differ slightly due to the Lorentz local field correction (see below). Ax, Bx, and Cx are fully described elsewhere (Liptay, 1976; Oh et al., 1991 
where Ag,(v)/v is the (unobservable) Stark spectrum of each transition with lineshape gl(v).
The fluorescence excitation and emission anisotropy spectra are given by (Lakowicz, 1983) :
where k(v) corrects for the differential sensitivity of the detection apparatus at the emission wavenumber detected, and v is the wavenumber of absorption or emission. For a single electronic transition, r(v) is constant if the transition moment direction is not affected by vibronic coupling or inhomogeneous effects. For the case where two states absorb, but only one emits, the absorption spectrum can be decomposed according to Valeur and Weber (1977) :
where g1(v) is the absorption spectrum of the emitting state, and r1 and r2 are the emission anisotropies that would be observed were it possible to excite only state 1 or 2, respectively. Two assumptions must be made to obtain this equation: 1) the limiting anisotropies r, and r2 must be wavelength independent, i.e., vibronic coupling or other effects must not perturb the transition moment directions; and 2) the quantum yield for excitation into state 1 and emission from state 1 must be identical to the quantum yield for excitation into state 2 and emission from state 1. This requirement is met if the quantum yield for internal conversion of state 2 to state 1 is unity. If the quantum yield for emission is excitation wavelength dependent, such dependence must be identical for both states. If the transition moments for absorption and emission for state 1 and the transition moment for absorption for state 2 are constrained to lie in a plane, the angle ol2 between the transition moments for absorption is given by:
The work of Valeur and Weber (1977) contains the equations necessary to derive this expression. The basic approach taken in this work is to simultaneously fit four different experimental spectra: the Stark spectrum at two values of the angle X the absorption spectrum, and the fluorescence excitation anisotropy spectrum. Each absorption spectrum is represented by an arbitrary number of nonnormalized gaussians:
The explicit fitting functions are then:
where the subscript i runs from 1 to 2 in Eqs. 8 and 9. Fits were performed using the Levenburg-Marquardt and Simplex algorithms (Press et al., 1992) . All parameters, with the exception of the Ai, were allowed to vary in the final minimizations. The Ai, were constrained to be zero. Ai,x principally gives the magnitude of the transition moment polarizability and hyperpolarizability. In our experience this term makes a negligible contribution to the total Stark signal for small planar aromatic molecules, and its inclusion here would have made the fitting procedure less well determined.
The electrooptic parameters determined from the fits are expressed in terms of the local field correctionf to separate the experimental uncertainties associated with the measurement from uncertainties in the value off. This factor corrects for the change in electric field strength inside a cavity (in this case, the cavity containing the chromophore) with dielectric properties different from those of the bulk. It depends on the shape of the cavity and the contrast in dielectric constant between the medium and the material in the cavity. For a spherical cavity, the Onsager form is most appropriate for these samples (Hill et al., 1969; Bottcher, 1973 spectra) and 3 (Stark effect spectra taken with X = 900). Stark spectra at X = 500 had a similar overall lineshape but differed in detail. Decomposed absorption spectra for these three samples are given in Fig. 4 . These latter absorption spectra are model functions constrained by simultaneous fitting to two Stark spectra, the absorption spectrum, and the fluorescence excitation anisotropy spectrum. The absorption and Stark spectra and fits for 5-methoxytryptophan are given in contributions to the Stark spectrum, respectively. These lineshapes are the sum of the first and second derivative components of the corresponding absorption. The fit to the total Stark spectrum in the second panel is the sum of the lineshapes in the third and fourth panels.
Fig. 5. As described below, these spectra were analyzed under the assumption that all the oscillator strength in the lowest energy vibronic band comes from the 'Lb transition. The photophysical properties calculated from the parameters used to fit the Stark spectra for all four types of samples are given in Table 1 . All types of spectra for all samples were reproducible, and errors are the standard deviations of independent data sets. Some of the fit parameters were not reproducible even though the data appeared identical within the signal-to-noise ratio obtained; these parameters were ill determined because they did not give rise to a unique feature in the data. Such Au and the 1jL, transition dipole, and these are omitted from Table 1 . The limiting anisotropies were free parameters in the fit. The internal angle 0ba was calculated from Eq. 6.
The case of 5-methoxytryptophan: limitations of the absorption decomposition
The absorption and excitation anisotropy spectra for 5-methoxytryptophan are shown in Fig. 6 (Albrecht, 1961; Mathies, 1974; Boxer et al., 1982) . For this reason, transition moment directions for vibronic bands on emission and excitation need not change in a parallel fashion. A clear example of vibronic coupling leading to rotation of the transition moment in emission is provided by the phosphorescence of 5-methoxytryptophan (Fig. 7) . The pattern observed in the fluorescence excitation anisotropy spectrum is consistent with an unresolved progression in a low-frequency (probably solvent) mode leading to rotation of the transition moment across each absorption maximum, and a similar progression in an -800 cm-1 mode accounting for the decrease in average anisotropy of each peak with increasing energy (Albrecht, 1961) . Alternatively, we note that excitation of any transition other than the 0-0 involves deposition of vibrational energy into the molecule and shortly thereafter into its surroundings. The second resolved maximum in the 5-methoxytryptophan absorption spectrum is almost 800 cm-' above the first, corresponding to a temperature of >1150 K. Although this energy will rapidly flow into a large number of low-frequency vibrational modes, perhaps enough local heating occurs so that small rotations of the molecule may occur. An analogous process could occur on emission, but by the time a vibrationally hot ground state is created the photon is gone and any rotation of the ground-state molecule will not be observed.
In either case, the validity of the absorption decomposition given by Eq. 4 must be called into question if such decomposition is carried out over multiple vibronic maxima of ei- Muinlo et al. (1992) . However, the relevance of gas-phase calculations to condensed-phase measurements is qualitative at best. Condensed-phase molecular dynamics coupled with similar electronic structure calculations (Muino et al., 1992) indicate an even larger value for the 'La dipole. Chabalowski et al. (1993) (Levy et al., 1991; Westbrook et al., 1992 If there is a correlation between the value of an electrooptic parameter and the transition energy of a chromophore, the measured value will also depend on the region of the (inhomogeneously broadened) spectrum that is analyzed (Demchenko and Ladokhin, 1988 ). An interesting aspect of recent condensed-phase electronic structure calculations is the possibility of evaluating such correlations. Large variations in the 'La dipole moment were predicted in several of the studies described above (Muifio et al., 1992; K. Krogh-Jespersen, personal communication) , and in one of them (Muifio et el., 1992) a correlation was predicted, with red-absorbing solvent configurations characterized by larger excited-state dipole moments. Because we focus on the red part (although not the extreme low-energy tail that is usually the subject of "red-edge effect" investigations) of the absorption band, this experiment may be sensitive to this bias (Demchenko and Ladokhin, 1988) . However, because an entire vibronic maximum is analyzed for each transition, a width of the order of the inhomogeneous linewidth is included in the analysis, and any bias must be correspondingly small. An experimental approach to the correlation of electrooptic parameters with transition energy is provided by the combination of electric field effects with line-narrowing spectroscopy (Meixner et al., 1992; Altmann et al., 1992) . The most directly relevant of the available studies is that of Vauthey et al. (1993) . For highly polar dyes in highly polar polymer matrices, a substantial wavelength dependence to the amplitude and lineshape of the electric field effect was observed. The Fig. 3 reflect the differences in absorption lineshapes but are otherwise identical. The solventindependence ofthe electrooptic properties is not consistent with significant inhomogeneous distortion of the recovered parameters. If the electrooptic properties are independent of solvent, they should be correspondingly insensitive to different local structures within the same solvent. It is interesting to note that the sample in the least polar solvent, NATA in EtOH, has the most redshifted 'La and 1, absorbance maxima, in contrast to the continuum electrostatic prediction. The 'La linewidths, however, do follow the expected trends with solvent polarity.
Resolution of the 1La and 'Lb transitions The decomposition of the 'La and 'Lb transitions in this work that the decomposed spectra were required to fit the Stark spectrum. Since this constraint was present, it was not necessary to assume a value for the limiting anisotropy of either transition, and these were left as free parameters in the fit. In the case of NATA and melittin, the assumption that the relatively flat region in the low-energy tail of the excitation anisotropy spectrum represents nearly pure 'La absorption was born out by the fitting. The limiting anisotropy determined for the 'La transition is less than the theoretical limiting value of 0.4 and indicates that the transition dipole moments on absorption and emission are not completely parallel. The values obtained (0.32-0.35) correspond to angles of 17-21°. Such rotations can derive from vibronic coupling (see above) or nuclear rearrangements during the excited-state lifetime.
Since the original experiment of Valeur and Weber (1977) , two other experimental approaches to the decomposition of indole absorption spectra have been pursued. Albinsson and Norden (1992) have measured linear dichroism spectra of indole and derivatives in stretched films, and Rehms and Callis (1987) have measured two-photon fluorescence excitation spectra. In addition, resolutions of a variety of derivatives have been performed by the fluorescence excitation anisotropy technique (Eftink et al., 1990) . Of these, only the two-photon absorption measurements do not rely directly on wavelength-independent transition moment directions in order to measure relative 'La and 1Lb oscillator strengths. However, two-photon and one-photon lineshapes need not be identical, so there is at present no unambiguous means of decomposing the total absorption over the entire band. Our observations suggest that the available resolutions may not be even qualitatively useful except in the region of the 0-0 bands. As the analysis of Stark spectra depends rather sensitively on the absorption lineshape, it is likely that the largest nonstatistical errors in this experiment are due to violations of the assumptions necessary in the absorption decomposition.
CONCLUSION
The most robust conclusion of this work is that A'i for the 'La transition of the indole chromophore in NATA and melittin is about 6.0 D/f. The long-wavelength absorption tail is due entirely to this transition, and the Stark spectrum in this region is dominated by a second-derivative contribution from it. It is therefore impossible to reproduce the experimental data by any other choice of parameters. The other parameters given in Table 1 (Oh et al., 1991 
